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Endogenous BRCAl p220 expression peaks in S and G2 when it is activated, and the protein participates in certain 
key DNA damage responses. In contrast, its expression is markedly reduced in GO/Gl. While variations in 
transcription represent a significant part of p220 expression control, there is at least one other relevant process. We 
found that a microRNA, miR-545, that is expressed throughout the cell cycle down-modulates endogenous p220 
mRNA and protein abundance directly in both GO/Gl and S/G2. When miR-545 function was inhibited by 
a specific antagomir, endogenous p220 expression increased in GO/Gl, and aberrant p220-associated DNA damage 
responses and de novo DNA strand breaks accumulated. Analogous results were observed upon inhibition of miR- 
545 function in S/G2. Both sets of antagomir effects were mimicked by infecting cells with a p220 cDNA-encoding 
adenoviral vector. Thus, strand breaks were a product of p220 overexpression, and their prevention by miR-545 
depends on its modulation of p220 expression. Breaks were also dependent on aberrant, overexpressed p220-driven 
recruitment of RAD51 to either spontaneously arising or mutagen-based DNA damage sites. Hence, when its level 
is not physiologically maintained, endogenous p220 aberrantly directs at least one DNA repair protein, RAD51, to 
damage sites, where their action contributes to the development of de novo DNA damage. Thus, like its loss, 
a surfeit of endogenous p220 function represents a threat to genome integrity. 
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BRCAl is a high-penetrance, breast and ovarian cancer 
suppressor gene. Its p220 product performs its tumor 
suppression function. It is also a pivotal contributor to 
the maintenance of genome stability. The mechanisms 
underlying its organ-specific tumor-suppressive proper- 
ties are poorly understood, although its role in genome 
stability control is a major factor (Li and Greenberg 2012; 
Roy et al. 2012; Silver and Livingston 2012). 

BRCAl is instrumental in the performance of several 
genome maintenance functions. Included are proper cell 
cycle checkpoint control, homologous recombination- 
mediated repair (HRR) of DNA double-strand breaks 
(DSBs), post-replicative repair of stalled replication forks 
(Moynahan et al. 1999; Greenberg et al. 2006; O'Donovan 
and Livingston 2010; Pathania et al. 201 1; Schlacher et al. 



2012; Tian et al. 2013), centrosome proliferation mainte- 
nance, proper spindle pole formation, and suppression of 
satellite RNA synthesis (Joukov et al. 2006; Pujana et al. 
2007; Zhu et al. 2011). Some of these functions are also 
suspected of contributing to p220 tumor suppression 
activity. 

Not surprisingly, BRCAl mutant breast cancers exhibit 
gross chromosomal alterations and aneuploidy (Lakhani 
et al. 1998). Most of these tumors bear a strong morpho- 
logical and molecular resemblance to sporadic basal-like 
sporadic breast cancer (BLC), in which BRCAl mutations 
are absent (Perou et al. 2000; Foulkes et al. 2003; Sorlie 
et al. 2003; Turner et al. 2004). This suggests that defects 
in pathways in which BRCAl functions, albeit not in 
BRCAl itself, contribute to the development of this 
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species of sporadic breast cancer (BLC). Indeed, unlike the 
case of sporadic ovarian cancer, somatic BRCAl mutations 
are seldom identified in sporadic BLC (Futreal et al. 1994; 
Janatova et al. 2005; Zikan et al. 2007; Hennessy et al. 2010; 
Natrajan et al. 2012). 

Against this backdrop, early reports identified a signif- 
icant decrease of BRCAl mRNA and protein expression 
in a subset of these tumors. For example, aberrant meth- 
ylation of the BRCAl promoter was detected in 1 1 %-60% 
of sporadic breast tumors, correlating closely with low 
BRCAl mRNA levels (Magdinier et al. 1998; Rice et al. 
1998; Catteau et al. 1999; Esteller et al. 2000; Matros et al. 
2005; Wei et al. 2005; Turner et al. 2007; Hsu et al. 2013). 
These findings suggest that epigenetic factors operate in 
the control of BRCAl expression and that defects in this 
process predispose mammary epithelial cells to a defi- 
ciency in BRCAl -mediated genome integrity control 
and tumorigenesis (Thompson et al. 1995; Wilson et al. 
1999; Reis-Filho and Tutt 2008; Santarosa and Maestro 
2012). 

p220 expression is cell cycle-dependent, being much 
lower in GO/Gl than in S/G2. At least part of the 
regulation that leads to these expressional differences is 
provided by major differences in BRCAl transcription 
during the cell cycle (Gudas et al. 1996). One source of the 
regulation of BRCAl expression is negative effects on its 
transcription by the Id4 and HMGAl proteins (Beger et al. 
2001; Baldassarre et al. 2003). However, the precise 
mechanisms by which Id4 and HMGAl regulate BRCAl 
expression are unknown. 

The microRNA (miRNA) pathway represents a means 
of achieving post-transcriptional regulation of gene ex- 
pression. miRNAs are small (22-24 nucleotides [nt]), 
endogenous noncoding RNAs expressed as independent 
genes or as mirtrons excised from an intron of a host gene. 
They bind in a sequence-dependent manner to the 3' 
untranslated region (UTR) of target mRNAs and destabi- 
lize them and/or inhibit their translation (Bartel 2004; 
Guo et al. 2010). More than 50% of mammalian protein- 
coding genes are predicted to be regulated by miRNAs, 
and each miRNA can suppress the expression of multiple 
target mRNAs (Krek et al. 2005; Lewis et al. 2005; Lim 
et al. 2005; Bartel 2009; Friedman et al. 2009). 

One or more miRNAs contribute to the physiological 
regulation of BRCAl expression and, when abnormally 
expressed, the reduced levels of the protein detected in 
some cases of sporadic breast cancer. In support of this 
notion, two recent reports pointed to miR-146 family 
members (Garcia et al. 201 1) and miR-182 (Moskwa et al. 
2011) as normal suppressors of BRCAl expression. In- 
deed, each compromised BRCAl HR function when 
overexpressed. Currently, the physiological outcomes of 
such suppression are unknown. 

However, an additional contribution to BRCAl expres- 
sion control is provided by a newly detected miRNA species, 
miR-545. We found that miR-545, a miRNA formerly un- 
associated with BRCAl regulation, is expressed through 
much of the cell cycle and actively contributes to the 
control of endogenous BRCAl p220 expression. It does so 
in both GO/Gl and S/G2, and its blockade results in both 



endogenous p220 overexpression and, surprisingly, de novo 
p220-dependant DNA damage. This system provides a new 
level of BRCAl expression and DNA damage control. 

Results 

miR-545 suppresses endogenous BRCAl p220 
expression 

To search for miRNAs that regulate BRCAl expression, we 
examined a list of miRNAs that were predicted to target the 
3' UTR of BRCAl mRNA in sihco (TargetScan, release 4.0; 
http://www.targetscan.org). Indeed, when overexpressed, 
one of them, miR-545, significantly down-regulated expres- 
sion of endogenous BRCAl p220 (also known as p220) in 
immortalized primary mammary epithelial cells (IMECs). 
Transfection of these cells with a synthetic miR-545 mimic, 
but not with a mimic of the closely related miR-545* that 
differs by only one nucleotide in its seed sequence, led to 
a reduction of both BRCAl mRNA and protein levels (Fig. 
1 A,B). No miR-545 target genes have been reported to date. 
Thus, its function has been unknovm. 

To determine whether these p220 expression phenom- 
ena are a result of direct targeting of BRCAl mRNA, we 
assayed the effect of miR-545 on the expression of a BRCAl 
3' UTR-lucif erase reporter gene. Two putative miR-545 
target sites were identified at positions 1148-1154 and 
1183-1189 of the BRCAl 3' UTR (Fig. IC). In one hypoth- 
esis, their close proximity, only 29 nt, represents an optimal 
interval for efficient cooperation by miRNA-containing 
RISC complexes in the down-regulation of p220 expression 
(Saetrom et al. 2007). 

The wild- type BRCAl 3' UTR (in either the sense or 
antisense orientation) and derivatives carrying a mutation 
in either or both putative miR-545 target sites were cloned 
downstream from a firefly luciferase reporter gene and 
transfected into HEK293 cells. Following cotransfection 
with either a miR-545 mimic, an unrelated miR-22 mimic, 
or a negative control reagent, specific suppression of the 
wild- type 3' UTR-expressing reporter was achieved by 
miR-545 alone (Fig. ID). Mutations in either of the pre- 
dicted target sites partially reversed this effect, and muta- 
tions in both sites completely abolished it. Thus, miR-545 
binds to two target sites in the BRCAl 3' UTR and, in that 
setting, specifically suppresses the expression of the mRNA. 

miR-545 modulates the efficiency of BRCAl -driven 
HRR 

The well-established requirement for BRCAl in HRR of 
DNA DSBs contributes to its role in the maintenance of 
genome integrity and in breast cancer suppression (Scully 
et al. 1997; Chen et al. 1999; Moynahan et al. 1999; Walsh 
and King 2007). Thus, we asked whether miR-545 affects 
HRR. Specifically, the effect of miR-545 in a standard 
HRR assay was studied in DR-U20S cells, which carry a 
single, integrated HRR reporter (Fig. 2A; Pierce et al. 1999). 

Asynchronous DR-U20S cells were transfected with 
either a miR-545 mimic, a miR-545 antagomir, or re- 
spective negative controls. In comparison with control 
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Figure 1. miR-545 suppresses expression of endogenous BRCAl p220 by targeting two binding sites in the 3' UTR of BRCAl mRNA. [A] 
Western blot and immunoprecipitation (IP)-Western blot of BRCAl p220 expression in human IMECs transfected with miR-545 mimic, 
miR-545* mimic, or a negative control reagent. Actin served as a loading control. [B] Expression of BRCAl mRNA was quantified by 
quantitative RT-PCR (qRT-PCR) and normalized to expression levels of GAPDH mRNA and BRCAl mRNA expression in negative 
control-transfected IMECs. Data represent the mean of assay results {n = 3). Error bars indicate the SD. (C,D) Two predicted miR-545 target 
sites between nucleotides 1148-1154 (site 1) and nucleotides 1183-1189 (site 2) of the BRCAl 3' UTR were validated by dual-luciferase 
reporter (DLR) assay. The wild-type (wt) BRCAl 3' UTR (in either the sense or antisense orientation) or 3' UTR carrying a mutation in 
either or both putative miR-545 target sites was cloned downstream from a firefly luciferase reporter gene. Plasmids were cotransfected 
with a control, a Renilla luciferase expression vector plus and minus a miR-545 mimic, a miR-22 mimic, or a control reagent into 293T 
cells. Seventy-two hours later, firefly luciferase luminescence was quantified and normalized to the luminescence of the Renilla luciferase 
reporter, serving as an internal control. Data represent the mean of the assay results {n = 3). Error bars indicate the SD. 



cells, miR-545 mimic-treated cells exhibited diminished 
levels of BRCAl protein, mRNA (Fig. 2B; data not shown), 
and HRR function (Fig. 2C). On the other hand, inhibition 
of endogenous miR-545 by a miR-545 antagomir increased 
both BRCAl expression and the amplitude of HRR (Fig. 
2B,C). 

To determine whether the increased HRR activity 
following miR-545 inhibition was a specific result of the 
up-regulation of BRCAl, DR-U20S cells were depleted of 
BRCAl p220, 53BP1, or both proteins simultaneously and 
transfected with either a miR-545 antagomir or a negative 
control (Supplemental Fig. 1). Acute depletion of RAP80, 
which resulted in an excessive, BRCAl -dependent in- 
crease in HRR (Coleman and Greenberg 2011; Hu et al. 
2011), served as a positive control. 

As expected, in the absence of p220, HRR activity in 
cells was significantly suppressed, and the simultaneous 
depletion of BRCAl and 53BP1 partially restored this 
function (Bouwman et al. 2010; Bunting et al. 2010). 



However, inhibition of endogenous miR-545 function 
by the miR-545 antagomir failed to increase the ampli- 
tude of HRR in BRCAl- and 53BPl-codepleted cells. Thus, 
miR-545 inhibition of HRR-mediated DSB repair is BRCAl 
depletion-dependent. Furthermore, miR-545 inhibition 
acted synergistically with RAP80 depletion and resulted in 
a significant, approximately threefold increase in HRR 
amplitude (Supplemental Fig. 1). 

Therefore, when aberrantly expressed, miR-545 nega- 
tively affected both p220 synthesis and at least one p220- 
requiring function — HRR. Inhibition of endogenous miR- 
545 function resulted in the opposite outcome. 

miR-545 controls the expression of endogenous p220 
in Gl and S/G2 

p220 exhibits a characteristic expression profile during 
the cell cycle (Chen et al. 1996; Ruffner and Verma 1997). 
Its expression is typically low during cycling Gl and 
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Figure 2. Aberrant expression of miR-545 modulates BRCAl 
p220 expression and HRR of DSB. (A) DR-U20S cells carrying 
a single copy of a stably integrated direct repeat of inactivated GFP 
genes (DR-GFP) repair a DSB generated at a defined I-Scel site, 
yielding a GFP signal as reported (Pierce et al. 1999). Asynchro- 
nously growing DR-U20S cells were transiently transfected with 
a miR-545 mimic, a miR-545 antagomir (a-miR-545), or negative 
control reagents (NC-A and NC-B, respectively). Twenty-four 
hours later, they were transfected with the I-Scel restriction 
enzyme. Following 48 h of incubation, the number of GFP-positive 
cells was quantified by flow cytometry. [B] Western blot showing 
the expression of BRCAl p220 in DR-U20S cells 72 h after trans- 
fection with a miR-545 mimic, a miR-545 antagomir (a-miR-545), 
or negative controls. Actin served as a loading control. (C) Histo- 
grams reveal the relative enrichment of GFP-positive cells in miR- 
545 mimic- and miR-545 antagomir-transfected cells compared 
with respective controls. Overexpression of miR-545 resulted in 
significant suppression of HR efficiency, and inhibition of miR-545 
led to an increased rate of HR-directed DSB repair. Data represent 
the average of the relevant assays results {n > 3). Error bars indicate 
the SEM. P- values were determined by a Student's t-test; {*] P < 
0.05; (***)P< 0.001. 



lower still in quiescent cells. In contrast, it is significantly 
elevated at the Gl/S transition and reaches peak levels in 
S and G2. To examine the cell cycle expression pattern of 
miR-545, T98G cells were synchronized in GO/Gl by 



serum starvation. After serum readdition, the cells pro- 
gressed synchronously through the cell cycle, and the 
expression of miR-545 and BRCAl p220 was analyzed. 

As expected, p220 was expressed at very low levels in 
early to mid-Gl, increased in late Gl (i.e., 12-16 h after 
release), and peaked in S/G2 (i.e., 24-28 h after serum 
addition) (Fig. 3A). p220 mRNA expression, which closely 
resembled that of p220 protein, was also low in early and 
mid-Gl (Fig. 3B). Endogenous miR-545 exhibited a similar 
expression pattern, with lower, but not absent, levels in 
early Gl and gradually increasing expression through S 
and G2, thereby mirroring both the nadir and the rise of 
p220 expression (Fig. 3C). 

These findings were confirmed in T24 bladder carci- 
noma cells, which were synchronized by contact inhibi- 
tion. Upon replating these cells at lower density, they 
progressed synchronously, and BRCAl p220 and miR-545 
exhibited an analogous and seemingly coordinated ex- 
pression pattern through the cell cycle (Supplemental Fig. 
2A-D). Thus, similar kinetics of miR-545 and p220 expres- 
sion were detected during the cell cycle in two different 
human cell lines. 

Effective modulation of p220 abundance during the cell 
cycle might be vital for cell survival and proliferation. Its 
forced overexpression invariably leads to checkpoint acti- 
vation and even cell death (Somasundaram et al. 1997; 
Fiarkin et al. 1999). In contrast, high-order depletion can 
result in proliferation arrest (Fiakem et al. 1996; Deans 
et al. 2004). 

The presence of miR-545 in Gl, where there was de- 
tectable BRCAl mRNA but low p220 abundance, sug- 
gested that endogenous miR-545 contributes to the phys- 
iologically low level of endogenous BRCAl expression in 
Gl. To test this possibility, we arrested T98G cells in GO/ 
Gl by serum starvation and then exposed them to either 
a miR-545 antagomir or a negative control reagent. The 
cells were then released by serum refeeding, and p220 
expression was analyzed at defined times thereafter (Fig. 
3D). Inhibition of miR-545 function resulted in significant, 
twofold to threefold up-regulation of p220 in early Gl (i.e., 
4-8 h after serum addition) (Fig. 3D,E; cf. Supplemental 
Fig. 3A,B). The p220 mRNA level was also significantly up- 
regulated at the same time points (Supplemental Fig. 3C). 
Likewise, miR-545 inhibition resulted in a consistent 
although less dramatic increase of p220 levels throughout 
S and G2 (i.e., 20-28 h after serum readdition) (Fig. 3D,E). 

Increased expression of BRCAl p220 in early Gl result- 
ing from inhibition of miR-545 did not affect the cell cycle 
progression of these cells (Supplemental Fig. 3D). Thus, 
elevated BRCAl p220 expression in Gl did not result in 
a relative enrichment of S -phase cells as a result of the 
culture progressing through Gl faster. 

A similar effect of the miR-545 antagomir on p220 
expression was observed in a different experimental set- 
ting. T24 cells, synchronized in Gl by addition of mim- 
osine (Krude 1999), were treated with either a miR-545 
antagomir or a negative control and analyzed for p220 
expression (Supplemental Fig. 2E-G). Again, inhibition of 
miR-545 in Gl cells resulted in a significant increase of 
p220 and its mRNA. 
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Figure 3. miR-545 modulates the endogenous expression of BRCAl during the cell cycle. [A] T98G cells were synchronized in GO/Gl by 
serum starvation for 72 h. Upon release from the block by serum addition, the expression of BRCAl p220 was examined at 4-h intervals by 
Western blot. [B] qRT-PCR analysis of BRCAl mRNA expression at the same 4-h intervals in synchronously growing T98G cells. Relative 
expression was normalized to that of GAPDH mRNA and to BRCAl mRNA levels in asynchronously growing (AS) T98G cells. Data 
represent the average of four independent experiments. Error bars indicate the SD. (C) qRT-PCR analysis of miR-545 in the same cells 
revealed a similar expression pattern, with relatively low, but not absent, expression in early and mid-Gl (0-8 h) and elevated levels in late 
Gl (12-16 h) and S/G2 (20-28 h). miR-545 expression was normalized to RNU6B expression and miR-545 level in asynchronous (AS) T98G 
cells. Data represent the average of four independent experiments. Error bars indicate the SD. [D] Western blots showing the expression of 
BRCAl p220 during the cell cycle progression of synchronously proliferating T98G cells treated with either a control reagent {top panel) or 
miR-545 antagomir (a-miR-545) {bottom panel). (£) Quantitation of BRCAl p220 expression by densitometry in the synchronously 
proliferating, miR-545 antagomir- or control-treated T98G cells shown in D. Actin served as a loading control in A and D. 



These findings imply the existence of a physiological 
role for miR-545 in the control of p220 expression in both 
GO/Gl and S/G2. 

Up-regulated p220 concentrates at sites of UV damage 
in Gl cells 

The p220 DNA damage response (DDR) functions that 
operate in S/G2, like HRR, require the recruitment of p220 
to readily detectable sites/foci of DNA damage. There, 
together with other repair factors, it forms distinct, multi- 
subunit-containing supercomplexes (Greenberg et al. 2006; 
Kim et al. 2007; Liu et al. 2007; Sobhian et al. 2007; Wang 
et al. 2007; Chen et al. 2008). 



DNA double-strand breaks (DSBs) in Gl are repaired 
predominantly through direct ligation of DNA ends, 
a product of the nonhomologous end-joining (NHEJ) 
pathway (Symington and Gautier 2011). This pathway 
choice in Gl is promoted by 53BP1- and RIFl -dependent 
suppression of DNA 5' end resection that otherwise 
would be a key step in BRCAl -mediated HRR (Bouwman 
et al. 2010; Bunting et al. 2010; Bothmer et al. 2011; 
Chapman et al. 2013; Di Virgilio et al. 2013; Escribano- 
Diaz et al. 2013; Feng et al. 2013; Zimmermann et al. 
2013). 

Moreover, the dependence of HRR on the presence of 
a sister chromatid as a template precludes the appearance 
of HRR during Gl, when there are much lower levels of 
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p220 than in S/G2. This notwithstanding, there remains 
the question of whether low, endogenous p220 levels in 
Gl are required to prevent the protein from exercising 
aberrant DDR functions during that period. Thus, to 
determine whether abnormally high p220 expression in 
Gl triggers abnormal functional consequences, we asked 
whether the protein is aberrantly recruited to sites of 
acute DNA damage in miR-545 antagomir-expressing 
Gl cells. 

Multiple, related cell lines were created. Each stably 
expressed a fluorescent indicator of passage through S/G2 
(Sakaue-Sawano et al. 2008). Gl cells fail to express this 
reporter. Thus, using these cells, it was possible to score 
phenomena that occurred in Gl versus S/G2. 

More specifically, T98G, U20S, and IMECs (telome- 
rase-IMECs) were stably transfected with a polypeptide 
composed of a Geminin degron fused to an Azami-Green 
fluorophore (mAG-hGEM) to form T98G-GEM, U20S- 
GEM, and IMEC-GEM. In each, the reporter protein was 
selectively expressed in S/G2 nuclei. It did not compro- 
mise cell cycle progression (Sakaue-Sawano et al. 2008; 
see the Materials and Methods). After two rounds of 
fluorescence-activated cell sorting (FACS) selection, the 
majority of S/G2 and very few of the Gl cells from each 
cell line stably expressed the green fluorescent fusion 
protein (Supplemental Fig. 4). Homogeneous green, nu- 
clear staining of mAG-hGEM-expressing S/G2 but not Gl 
cells allowed these populations to be distinguished from 
one another by fluorescent microscopy. 

T98G-GEM cells, serum-starved and arrested in GO/ 
Gl, were transfected with a miR-545 antagomir or a 
negative control. This resulted in approximately twofold 
overexpression of p220 in the former (Supplemental 
Fig. 5A,B). After miR-545 transfection, these GO/Gl cells, 
still in serum-free medium, were irradiated with 10 Gy 
(irradiation [IR]), incubated for 1 h, and then analyzed for 
IR-induced foci (IRIF). 7H2AX-containing foci were pres- 
ent in all nuclei. 

While p220 was robustly recruited to these sites in S/ 
G2, miR-545 antagomir- treated Gl cells failed to do so 
(Supplemental Fig. 5C). Identical experiments in asyn- 
chronously growing IMEC-GEM cells revealed similar 
results (Supplemental Fig. 5D-F). 

In addition, we tested whether aberrantly overex- 
pressed BRCAl p220 in miR-545 -inhibited IMEC-GEM 
cells was recruited to UV laser-induced DSB-containing 
lesions in Gl. Asynchronous IMEC-GEM cells were 
transfected with either miR-545 antagomir or a negative 
control and depleted of RIFl by specific siRNA or control- 
treated. Subnuclear, DSB-containing areas (stripes) were 
generated by 377-nm UV laser microirradiation, and, 1 h 
later, cells were fixed and analyzed for p220 localization 
by immunofluorescence (Supplemental Fig. 5G,H). 
7H2AX staining allowed depiction of UV laser-induced 
stripes. While p220 was readily detectable at stripes in S/ 
G2 cells, it failed to localize there in miR-545-inhibited 
Gl cells. However, depletion of RIFl resulted in the 
localization of p220 at stripes in miR-545 antagomir- 
treated but not in control-treated Gl IMECs, possibly 
reflecting the reappearance following RIFl depletion of 



a key event in HRR; namely, DSB end resection (Chapman 
et al. 2013; Escribano-Diaz et al. 2013; Feng et al. 2013; 
Zimmermann et al. 2013). 

Next, we asked whether abnormally up-regulated 
BRCAl p220 is recruited to sites of UV damage in miR- 
545 antagomir-treated Gl cells. UV irradiation of cells 
through micropores of subnuclear size creates well-de- 
marcated, intranuclear territories of UV damage that can 
be detected by anti-cyclobutane pyrimidine dimer (CPD) 
immunofluorescence (Katsumi et al. 2001). Again, serum- 
deprived, GO/Gl -arrested T98G-GEM cells were trans- 
fected for 48 h with either a miR-545 antagomir or a 
negative control reagent. In the former culture, there was 
a significant increase in p220 (Fig. 4A). Cells were then 
irradiated through micropores with 30 J/m^ UV-C. Three 
hours later and still in serum-free medium, they were 
analyzed by immunofluorescence. 

Both antagomir- and control-treated cells exhibited 
recruitment of p220 to micropore sites of UV damage in 
S/G2 cells, as described previously (Pathania et al. 2011). 
Surprisingly, in GO/Gl, where little p220 recruitment to 
micropore damage sites is observed (Pathania et al. 201 1), 
miR-545 inhibition resulted in a major increase in the 
number of cells with overt p220/CPD colocalization (Fig. 
4B,C). This cannot be attributed to an accumulation of 
late Gl cells that normally undergo an increase in p220 
expression (Fig. 3A) because the antagomir failed to change 
the dynamics of cell cycle progression during these exper- 
iments (Supplemental Fig. 3D). 

To determine whether these findings are more gener- 
ally applicable, asynchronous U20S-GEM, another can- 
cer cell line, and IMEC-GEM cells derived from normal 
mammary epithelial cells were studied. Once again, p220 
was readily detected at sites of UV-mediated DNA damage 
in S/G2 cells of both lines. Moreover, compared with 
control-treated IMEC-GEM and U20S-GEM cells, miR- 
545 antagomir transfection resulted once again in a 
major increase of Gl cells exhibiting p220-CPD colo- 
calization (Fig. 4D,E; Supplemental Fig. 6A-C). 

To determine whether these phenomena depend on the 
irradiation dose, serum-starved, miR-545 antagomir- or 
control-transfected T98G-GEM cells were exposed to 5, 
15, or 30 J/m^ UV-C. Relatively few control-transfected 
Gl cells concentrated p220 at CPD -containing UV lesions 
at any UV dose tested. In contrast, in the antagomir- 
transfected population, the number of such cells grad- 
ually increased with the dose. For example, after 30 J/m^, 
there was a major difference in the fraction of cells in the 
antagomir-treated, compared with the control-treated, 
population that revealed localization of p220 at these sites 
(Supplemental Fig. 7A,B). Furthermore, p220 recruitment 
to UV lesions in antagomir-treated Gl cells was a relatively 
late event, peaking at 3 h post-UV. In contrast, the protein 
robustly localized to the micropores in S/G2 cells even at 
1 h and at all doses of irradiation (Supplemental Fig. 7C,D). 
These results suggest that elevated p220 expression in 
particular enables its Gl recruitment to UV damage sites 
and that this process is directed by a mechanism different 
from that which drives endogenous p220 to UV lesions in 
S phase (Pathania et al. 2011). 
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Figure 4. Aberrantly expressed BRCAl can localize at sites of UV damage in Gl cells. [A] Western blot showing BRCAl p220 
expression in Gl -synchronized, UV- irradiated T98G-GEM cells transfected with miR-545 antagomir (a-miR-545) or control reagent in 
comparison with p220 expression in asynchronous (AS), untreated T98G-GEM cells. [B] Representative images of BRCAl (red) 
localization at CPD-positive areas (green nuclear dots) in UV-irradiated, Gl (mAG-hGEM-negative) T98G-GEM cells transfected with 
either miR-545 antagomir or control reagent. Homogeneously green-stained nuclei represent mAG-hGEM-expressing S/G2 cells. (C) 
Quantitation of the average percentage of control- or miR-545 antagomir-transfected Gl T98G-GEM cells exhibiting BRCAl/CPD 
colocalization 3 h after UV irradiation. Error bars indicate the SEM (12 = 3). (D) Representative images showing colocalization of BRCAl 
(red) with CPD (green subnuclear areas) in miR-545 antagomir- or control-transfected Gl IMEC-GEM cells 3 h after UV irradiation. 
Homogeneously green-stained nuclei represent S/G2 cells. (£) Quantitation of the average percentage of miR-545 antagomir- or control- 
treated Gl IMEC-GEM cells exhibiting colocalization of BRCAl with CPD 3 h after UV. Error bars indicate the SEM (n = 3). [F] Western 
blot of BRCAl expression in serum-starved T98G-GEM cells transduced with either an adenoviral BRCAl vector (Ad-BRCAl) or 
a control vector (Ad-0) or transfected with miR-545 antagomir or control reagent and UV-irradiated. (G) Representative images showing 
colocalization of BRCAl (red) with CPD (green nuclear dots) in mAG-hGEM-negative, Gl T98G-GEM cells treated as described in F. [H] 
Quantitation of the average enrichment of BRCAl/CPD colocalization in Gl T98G-GEM cells treated as described in F. Error bars 
indicate the SEM (12 = 3). (7) Representative images showing BRCAl (red) and CPD (green nuclear dots) colocalization in UV-irradiated, 
Gl (mAG-hGEM-negative) T98G-GEM cells simultaneously transfected with miR-545 antagomir and control siRNA (siGL2) but not in 
miR-545 antagomir- or negative control-treated and siXPA-, siXPC- or siEXOl oligonucleotide-treated cells. (/) Quantitation of the 
average enrichment of BRCAl/CPD colocalization in Gl T98G-GEM cells cotransfected with miR-545 antagomir or control reagent 
and XPA-, XPC-, EX01-, or RPA-specific siRNAs or siGL2 control. Error bars indicate the SEM {n = 4). (*) P < 0.05; (**) P < 0.01 
(Student's t-test). Bars, 10 ixm. 
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To test this hypothesis further, GO/Gl T98G-GEM 
cells were transfected with the miR-545 antagomir or a 
control reagent. Other aliquots were infected with a p220- 
encoding adenovirus or a control adenoviral vector. All 
cells were micropore UV-irradiated and, 3 h later, ana- 
lyzed for recruitment of BRCAl to UV lesions. 

Ectopic p220 expression resulted in p220 overproduc- 
tion and a major increase in p220-CPD-positive Gl cells 
(Fig. 4F-H). miR-545 antagomir- treated cells also exhibited 
enrichment of p220-CPD-positive Gl cells. However, si- 
multaneous coexpression of the miR-545 antagomir and 
Adeno-p220 failed to significantly increase the number of 
p220-CPD-positive Gl cells when compared with cells 
expressing Adeno-p220 alone (Supplemental Fig. 7E,F). 
This implies that the UV damage sites were saturated after 
Adeno-p220 infection. Thus, an elevated abundance of 
p220 in GO/Gl is sufficient for its localization at UV 
damage sites in these cells. 

Recruitment of aberrantly expressed BRCAl p220 
to UV-mediated DNA damage sites in Gl cells 
is dependent on nucleotide excision repair (NER) 
and DNA resection 

Next, we asked whether localization of BRCAl at UV 
lesions in Gl is dependent on the primary UV repair 
process; i.e., NER. Specifically, we depleted T98G-GEM 
and IMEC-GEM cells of either XPA or XPC using suitable 
siRNAs (Supplemental Fig. 8A). Cells were also trans- 
fected with a miR-545 antagomir or a control. They were 
then micropore UV-irradiated and analyzed for p220 
localization. 

As expected, in comparison with control cells, T98G- 
GEM cells exposed to a combination of control siRNA 
(siGL2) and the mir-545 antagomir exhibited a significant 
increase in Gl cells containing BRCAl concentrated at 
UV lesions (Fig. 4I,J). XPA or XPC depletion strongly 
inhibited these effects (Fig. 41, J). However, in S/G2 cells 
(intense green nucleus-containing cells), BRCAl local- 
ized robustly at UV damage sites, and its recruitment was 
unaffected by XPA or XPC depletion. This is in agreement 
with its replication-dependent, but NER-independent, 
recruitment to these sites in S and G2 (Pathania et al. 
201 1). Thus, recruitment of p220 to UV lesions in Gl (and 
not in S/G2) cells is not entirely a nonspecific event. It 
depends on its abundance being sufficiently increased and 
a functioning NER pathway, the latter being a normal 
response to UV DNA damage. 

NER is a rapid and robust repair process. However, 
when it fails to repair certain relatively resistant UV 
lesions, resection of the damaged DNA and processing of 
the surrounding chromatin take place. This results in 
checkpoint activation and engagement of alternative 
repair mechanisms (Giannattasio et al. 2010; Sertic 
et al. 2011). The delayed kinetics and the requirement 
for relatively high doses of irradiation for the localization 
of overexpressed, endogenous BRCAl protein at UV 
lesions in GO/Gl cells suggested that recruitment in this 
instance was directed to those UV damage sites where 
NER was incomplete. 



Thus, we asked whether p220 concentration at Gl UV 
lesions requires extensive DNA resection and generation 
of ssDNA at the sites of damage. Hence, we studied the 
effect of depleting GO/Gl cells of EXOl, an exonuclease 
that plays a role in UV-induced checkpoint activation in 
quiescent cells (Sertic et al. 2011). 

GO/Gl-synchronized T98G-GEM cells were treated 
with two different EXOl -specific siRNA species and 
miR-545 antagomir or a control reagent. Following 30 
J/m^ UV-C exposure, p220 was detectable at UV damage 
sites in antagomir-treated GO/Gl cells, as expected. 
However, it failed to localize at micropore sites in 
EXOl -depleted, miR-545 -inhibited cells (Fig. 4I,J). These 
results suggest strongly that BRCAl recruitment requires 
DNA resection at UV lesion-containing DNA. 

Moreover, depletion of RPA, which binds ssDNA and is 
instrumental in ATR and checkpoint activation, also 
abolished p220 localization to UV damage sites in GO/ 
Gl cells (Fig. 4J; Supplemental Fig. 8B). Thus, excision- 
generated, RPA-coated ssDNA plays a crucial role in the 
GO/Gl BRCAl localization process. 

p220 can recruit RAD 51 to sites of UV damage 
in GO/Gl cells 

The recruitment of RAD51 to DSB in S/G2 is a critical 
step in the BRCAl control of HRR and is dependent on an 
interaction of p220 with the PALB2-BRC A2-RAD5 1 
complex (Greenberg et al. 2006; Xia et al. 2006; Sy et al. 
2009). The aberrant localization of overexpressed, endog- 
enous p220 at sites of UV damage in GO/Gl cells raised 
the question of whether RAD51 is also recruited to UV 
lesions in these cells. 

Serum-starved T98G-GEM cells were transfected with 
either a miR-545 antagomir or a negative control. After 
exposure to 30 J/m^ UV-C, they were released into the 
cycle and analyzed for micropore RAD51 recruitment. As 
expected, RAD51 clearly localized to UV lesions in S/G2 
cells (Pathania et al. 2011). Unexpectedly, it was also 
recruited to micropore sites in Gl cells (Fig. 5A). Al- 
though a smaller number of Gl cells exhibited RAD51 
than p220 micropore recruitment, there was a significant 
increase in the miR-545 antagomir-treated, RAD51 -pos- 
itive population compared with the control (Fig. 5B). This 
observation was even more dramatic in IMEC-GEM and 
U20S-GEM cells, where the number of RAD51-CPD- 
positive cells was ~ 10-fold and approximately sevenfold 
higher than the control-treated population (Fig. 5D,E; 
Supplemental Fig. 6D,E). Moreover, RAD51 invariably 
colocalized with p220 in Gl cells (Fig. 5C,F). 

To determine whether RAD51 recruitment in this 
setting was BRCAl -dependent, we depleted p220 from 
GO/Gl T98G-GEM cells using two different BRCAl - 
specific siRNA oligonucleotides in the presence of either 
a miR-545 antagomir or a negative control. Upon UV 
irradiation, BRCAl -depleted, antagomir-treated cells 
failed to localize RAD51 to sites of UV damage in both 
Gl and, as expected, S/G2 (Fig. 5G,H). We conclude that 
the accumulation of abnormally expressed, endogenous 
p220 at sites of UV damage in Gl cells drives corecruit- 
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Figure 5. Overexpressed endogenous BRCAl can recruit RAD51 to sites of UV damage in Gl cells. [A] Representative images showing 
the colocalization of RAD51 (red) with CPD (green nuclear dots) in serum-depleted, miR-545 antagomir (a-miR-545)- or negative 
control-transfected Gl (mAG-hGEM-negative) T98G-GEM cells 3 h after UV irradiation. Homogeneously green-stained nuclei 
represent mAG-hGEM-expressing S/G2 cells. [B] Quantitation of the average enrichment of Gl T98G-GEM cells exhibiting RAD51/ 
CPD colocalization when treated as described in A. Error bars indicate the SEM {n = 3). (C) Representative images of colocalization of 
RAD51 (red) with BRCAl (green) in serum-starved, miR-545 antagomir- or control- treated Gl T98G-GEM cells after UV. (D) 
Representative images showing colocalization of RAD51 (red) with CPD (green subnuclear dots) in UV-irradiated, Gl (mAG-hGEM- 
negative) IMEC-GEM cells after transfection with miR-545 antagomir or negative control reagent. (£) Quantitation of the average 
percentage of Gl IMEC-GEM cells treated as described in D that exhibit RAD51/CPD colocalization after UV irradiation. Error bars 
indicate the SEM {n = 3). {F) Representative images of colocalization of RAD51 (red) with BRCAl (green) after UV irradiation of IMEC- 
GEM cells transfected with miR-545 antagomir or a negative control. (G) Representative images of colocalization of RAD51 (red) and 
CPD (green nuclear dots) in UV-irradiated, serum-starved T98G-GEM cells cotransfected with control siRNA (siGL2) and miR-545 
antagomir compared with siBRCAl oligonucleotide- and miR-545 antagomir- or negative control-transfected cells. [H] A histogram 
showing the average enrichment of Gl T98G-GEM cells exhibiting BRCAl/CPD (blue bars) and RAD51/CPD (red bars) colocalization 
when treated as described in G. Error bars indicate the SEM {n = 3). Bars, 10 iJim. 



ment of RAD51, an abnormal event during this cell 
cycle interval. 

Overexpressed endogenous BRCAl localizes 
and recruits RAD 51 to spontaneously arising 
53BP1 nuclear bodies in Gl cells 

In exponentially growing, undamaged cells, 53BP1 forms 
large nuclear bodies confined predominantly to Gl. 
These endogenous structures originate in the preceding 
S and G2/M phase and contain unrepaired DNA DSBs 
that arose spontaneously. These include common fragile 
sites and costain with 7H2AX, MDCl, and other markers 



of a DSB response (Harrigan et al. 201 1; Lukas et al. 201 1 ). 
We asked whether abnormally overexpressed, endoge- 
nous p220 in Gl cells localizes with 53BP1 at these sites. 

Serum-starved T98G-GEM cells transfected with ei- 
ther a miR-545 antagomir or a negative control (cf. above) 
were analyzed by immunofluorescence for localization of 
the relevant proteins. Large 53BP1 foci appeared in a sub- 
set of Gl but not S/G2 cells (Fig. 6A). Indeed, we observed 
a marked increase in the number of cells containing p220 
localized at 53BP1 nuclear bodies in miR-545-inhibited 
Gl cells compared with controls (Fig. 6A,B). Moreover, 
using 7H2AX staining as another marker of these bodies, 
we observed a significant increase in the colocalization of 
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Figure 6. Endogenous BRCAl and RAD51 localize 
to 53BP1 nuclear bodies in Gl cells. Serum-starved 
T98G-GEM cells were transfected with either miR- 
545 antagomir or a negative control. Thirty-six 
hours later, they were fixed and analyzed by in- 
direct immunofluorescence for the localization of 
the relevant proteins. [A] Representative images 
showing 53BP1 nuclear bodies (red) in Gl, mAG- 
hGEM-negative T98G-GEM cells but not in homo- 
geneously green, mAG-hGEM-positive S/G2 cells. 
BRCAl (green foci) colocalized with 53BP1 nuclear 
bodies in miR-545 antagomir-treated (a-miR-545) 
but not in control-treated Gl cells. Bar, 10 iJim. [B] 
Quantitation of the proportion of miR-545 antago- 
mir- or control-treated Gl T98G-GEM cells exhib- 
iting colocalization of BRCAl with 53BP1. Data 
represent the mean of the assay results. Error bars 
indicate the SEM {n = 3). (C) Colocalization of 
RAD51 (red) with 7H2AX (green), a marker of 53BP1 
nuclear bodies, specifically in miR-545 antagomir- 
treated Gl cells (shown in the bottom panel). Bar, 
10 fxm. [D] Quantitation of the percentage of miR- 
545 antagomir- or control-transfected Gl cells exhib- 
iting colocalization of RAD51 with 7H2AX. Data 
represent the mean of the assay results. Error bars 
indicate the SEM {n = 3). 
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RAD51 at these structures in the miR-545 antagomir- 
transfected cells, analogous to what happened in UV- 
treated cells (Fig. 6C,D). Similar phenomena were ob- 
served in Gl miR-545 antagomir-transfected IMEC-GEM 
cells (Supplemental Fig. 9A,B). 

Thus, aberrantly overexpressed, endogenous p220 also 
concentrated at sites of DNA damage that were not 
exogenously generated. It did so during Gl in response 
to spontaneous DNA damage, possibly DSBs arising 
from replication stress incurred during a prior cell cycle 
interval (Lukas et al. 2011). 

Accumulation of de novo DNA damage in miR-545- 
inhihited, endogenous BRCAl p220-overproducing 
Gl and S/G2 cells 

Thus, not only did overexpressed, endogenous p220 con- 
centrate at sites of DNA damage in GO/Gl, where it would 
not normally be detected, it also promotes at least one 
biochemical event; i.e., RAD51 recruitment to these sites at 
a time of the cell cycle when this does not normally occur. 
This raises the question of whether such unexpected p220 
behavior in Gl is at least in part responsible for an abnormal 
DDR and accumulation of de novo DNA damage. 

Since numerous 53BP1 foci contained endogenously 
overexpressed p220 (Supplemental Fig. 9C-E) and are 
suspected of harboring DNA breaks but lack sister 
chromatids (i.e., normal HRR donor substrates), we asked 
whether aberrant p220 overexpression and the resulting 
recruitment of RAD51 to DNA damage sites in Gl result 
in an abnormal outcome,- e.g., de novo DNA damage. 
Comet assays were used to search for DNA strand breaks 
as a possible manifestation of such damage. 



Asynchronous T98G mAG-hGEM cells were trans- 
fected with miR-545 antagomir or a control. Alterna- 
tively, they were infected with the p220-encoding adeno- 
virus or a control adenovirus. All were then exposed to 30 
J/m^ UV-C. Gl and S/G2 cells were separated by FACS 
and analyzed by comet assay (Fig. 7A,B). The assay was 
performed under both neutral and alkaline conditions. 

In comparison with controls, there was a highly signif- 
icant increase in average comet tail length in both miR- 
545 antagomir-treated and Adeno-p220-expressing Gl 
cells at alkaline pH (Fig. 7B). No such change occurred 
under neutral conditions (data not shown), implying that 
the tail length increase noted above was a product of 
ssDNA breakage. 

The average comet tail length was also significantly 
increased in p220-overexpressing S/G2 cells, again after 
alkaline analysis (Fig. 7B). Thus, when UV-irradiated, 
overproduction of endogenous BRCAl p220 in both Gl 
and S/G2 cells directly or indirectly induced DNA strand 
breaks. 

To search for DNA breaks in the absence of exogenous 
DNA damage, we again assayed for comets. T98G-GEM 
cells were transfected with the miR-545 antagomir or 
a control reagent or were transduced with the Adeno- 
p220 vector or an adenovirus control, as noted above. 
Thirty-six hours later, Gl and S/G2 cells were isolated by 
FACS and analyzed for DNA breaks (Fig. 7C,D). Strik- 
ingly, in the alkaline assay, there was a highly significant 
increase in the average comet tail length in both miR-545 
antagomir-treated and Adeno-BRCAl -expressing Gl cells 
compared with control cells (Fig. 7D). Again, no differ- 
ence in the length of the comet tails was detected under 
neutral conditions (data not shown). The average comet 
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Figure 7. Formation of DNA strand 
breaks in BRCAl-overexpressing Gl and 
S/G2 cells. Exponentially growing T98G- 
GEM cells were transfected with miR-545 
antagomir (a-miR-545) or a negative con- 
trol or infected with a recombinant BRCAl- 
expressing adenoviral vector (Adeno-BRCAl) 
or control adenoviral vector (Adeno-Ctrl). 
Thirty-six hours later, one set of samples 
was irradiated with 30 J/m^ UV-C and 
incubated for an additional 3 h. Gl and 
S/G2 subpopulations were separated by 
FACS from both nonirradiated and UV- 
irradiated samples and analyzed for the 
presence of DNA breaks by single-cell gel 
electrophoresis (comet assay). (A,C) Western 
blot showing the expression of BRCAl p220 
in Gl and S/G2 populations of both UV- 
irradiated [A] and nonirradiated (C) T98G- 
GEM cells. Actin served as a loading control. 
{B,D) Quantitation of the average tail 
length of comets developed in miR-545 
antagomir- or negative control-treated or 
Adeno-BRCAl- or control adenovirus- 
transduced T98G-GEM Gl and S/G2 cells. 
[E] Western blot showing the expression of 
BRCAl p220 and RAD51 in T98G-GEM 
cells transfected with a miR-545 antagomir 
or a negative control and a RAD51 -specific 
siRNA (siRAD51) or a negative control 
(siGL2) as indicated, incubated for 72 h, 
and separated by FACS into Gl and S/G2 
populations. Lamin Bl served as a loading 
control. [F] Quantitation of the average tail 
length of comets developed in the miR-545 
antagomir- or negative control-treated cells 
transfected either with RAD51 -specific 
siRNA or control reagent (siGL2). Comet tails 
were detected and analyzed by CellProfiler 
software (Carpenter et al. 2006). Data rep- 
resent the average tail length calculated 
from analysis of at least 100 cells per sample 
in three independent experiments. Error 
bars indicate the SEM. Statistical signif- 
icance was determined by a Student's 
t-test; (***) P < 0.001; (NS) nonsignificant, 
P > 0.05. 



tail length of BRCAl-overexpressing cells was signifi- 
cantly increased in S/G2 cells as well (Fig. 7D). Thus, 
overexpression of endogenous BRCAl p220 leads to 
a significant increase in spontaneous DNA damage in 
both GO/Gl and S/G2 cells even in the absence of an 
exogenous mutagen. 

The development of spontaneous DNA damage in cells 
that aberrantly overexpressed endogenous or exogenous 
p220 strongly suggested that this is a BRCAl -dependent 
phenomenon. To test this observation in another setting, 
T98G-GEM cells were depleted of BRCAl p220 or both 
BRCAl and 53BP1 using specific siRNAs. They were 



subsequently transfected with a miR-545 antagomir or 
a negative control. Seventy-two hours later, Gl and S/G2 
cells were isolated by FACS and analyzed by alkaline 
comet assay for DNA break formation (Supplemental Fig. 
10A,B). 

Once again, compared with control cells, the average 
comet tail length was significantly increased in both Gl 
and S/G2 cells cotransfected with miR-545 antagomir 
and control siGL2 siRNA (Supplemental Fig. 10A,B). 
Depletion of BRCAl alone resulted in increased de novo 
DNA damage, consistent with its well-established role in 
preservation of genome stability. Fiowever, simultaneous 
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inhibition of miR-545 function and BRCAl depletion did 
not elicit an increase in DNA break formation. Similarly, 
the inhibition of miR-545 in BRCAl - and 53BPl-codepleted 
cells failed to increase the average comet tail length. This 
points to a crucial role for p220 HRR function in the 
generation of de novo DNA damage in this setting. 

Next, we asked whether inhibition of miR-545 in 
BRCAl mutant cells results in a similar increase in the 
DNA breaks. HCC1937 is a human breast cancer cell line 
that carries a mutant BRCAl allele (5382insC) and no 
wild- type allele. It produces a truncated protein and 
no wild-type p220 (Tomlinson et al. 1998). Isogenic 
HCC1937 cells reconstituted with either a wild-type 
BRCAl cDNA or an empty vector (Scully et al. 1999) 
were transfected with miR-545 antagomir or a negative 
control. Seventy-two hours later, they were analyzed by 
alkaline comet assay. IMECs were treated identically and 
served as a control (Supplemental Fig. 10C,D). 

miR-545 inhibition in IMECs resulted in a highly 
significant increase in the average comet tail length 
compared with controls (Supplemental Fig. lOD). Con- 
trol-treated HCC1937 cells, not unexpectedly, exhibited 
a high basal level of comets that, surprisingly, decreased 
after miR-545 inhibition. Control-treated, wild-type 
BRCAl -reconstituted HCC1937 cells, however, exhibited 
short comets, and miR-545 antagomir in these cells led to 
no change in this parameter. This observation is consistent 
with the lack of a 3' UTR sequence carrying miR-545 
recognition sites in the BRCAl cDNA clone used to 
reconstitute these cells. It thus reinforces the hypothesis 
that there is a specific, BRCAl -directed effect of miR-545 on 
genome stability. 

These findings raise the question of whether inhibition 
of other miRNAs, such as miR-182, reported recently to 
suppress BRCAl expression (Moskwa et al. 2011), elicits 
a similar effect on genome stability. Indeed, transfection 
of serum-starved, GO/Gl -synchronized T98G-GEM cells 
with miR-182 antagomir resulted in aberrant overexpres- 
sion of p220 in Gl and had an effect similar to that of 
miR-545 inhibition on de novo DNA damage generation 
(Supplemental Fig. 11). 

Role of overexpressed BRCAl -dependent RAD 51 
recruitment in the generation of DNA strand breakage 

Because BRCAl -dependent RAD51 recruitment was ob- 
served at DNA damage sites in Gl and S/G2 in both 
damaged and undamaged cells, we asked whether the 
coexistent DNA break formation was dependent on 
the BRCAl p220 direction of aberrant recruitment of 
the RAD51 recombinase to these sites. Specifically, we 
compared the abundance of DNA breaks in miR-545 - 
inhibited cells that were and were not RAD5 1 -depleted. 

Asynchronous T98G-GEM cells were transfected with 
either a miR-545 antagomir and a RAD5 1 -specific siRNA 
or respective negative controls (Fig. 7E). Seventy- two 
hours later, Gl and S/G2 cells were separated by FACS 
and analyzed for DNA breaks by alkaline comet assay. 
In both miR-545 -inhibited, p220-overproducing Gl and 
S/G2 cells, there was again a highly significant increase in 



the average comet tail length, while, after RAD51 de- 
pletion, it was completely abolished (Fig. 7F). 

Thus, overexpressed, endogenous BRCAl p220 directs 
the aberrant coconcentration of the RAD5 1 recombinase 
with it at DNA damage sites in Gl and S/G2. This results 
in the generation of de novo DNA breaks. 

Discussion 

The long-known, cell cycle-dependent regulation of p220 
expression is the product of a complex regulatory process. 
The most prominent component is cell cycle-dependent 
BRCAl transcription, which is considerably less active in 
Gl than in S/G2 (Gudas et al. 1996; Vaughn et al. 1996). 
Overlaid on it is a newly detected, post-transcriptional 
fine-tuning process directed by miR-545 that further 
modulates p220 mRNA and thereby p220 abundance. 

miR-545 tuning operates through much of the cell 
cycle. In both Gl and S/G2, it translates into modest, 
physiological decreases in p220 abundance. Failure of this 
process resulted in modest but significant endogenous 
p220 overproduction. Surprisingly, even in undamaged 
cells, this translated into aberrant p220 DDR activity and 
de novo DNA damage. Thus, a relatively small increase 
in p220 abundance above normal translated into net 
DNA damage development. This alone implies that tight 
control of p220 abundance represents a physiologically 
important process. 

This finding is supported and reinforced by examining 
other miRNAs that were recently reported to suppress 
p220 expression (Garcia et al. 2011; Moskwa et al. 2011). 
At least one of them, miR-182, when inhibited, resulted 
in a moderate up-regulation of the protein in GO/Gl that, 
like miR-545, translated into spontaneous DNA damage 
in unperturbed cells. 

An insight into the molecular mechanism of the re- 
cruitment of aberrantly expressed p220 to DNA damage 
sites in GO/Gl emerges from an apparent paradox; 
namely, p220 was frequently detected at UV-induced 
lesions but much less so at sites of DSBs in these cells. 
BRCAl p220 localization at UV lesions in GO/Gl was 
dependent on a functional NER pathway and extensive 
EXOl -mediated DNA resection at these sites. 

In contrast, NHEJ-mediated repair of DSBs in GO/Gl 
does not itself involve the specific generation of ssDNA 
ends, and the surrounding chromatin bears little resem- 
blance to DSB-induced chromatin modifications in S/G2 
(Symington and Gautier 2011; Papamichos-Chronakis 
and Peterson 2012). Protection of the existing DNA ends 
by 53BP1 and RIFl prevents the recruitment of the 
abnormally expressed p220 to DSB sites during this cell 
cycle interval (Zimmermann et al. 2013). Moreover, 
53BP1 or RIFl depletion restores end resection and 
facilitates p220 recruitment to sites of DNA DSBs in 
GO/Gl cells (Chapman et al. 2013; Escribano-Diaz et al. 
2013; Feng et al. 2013). 

Thus, given the similarity of these earlier findings from 
other groups to what was observed following p220 over- 
expression, we attribute the GO/Gl recruitment failure of 
overexpressed p220 to IRIF to a predictable lack of DSB 
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end resection during this interval (Chapman et al. 2013; 
Escribano-Diaz et al. 2013; Feng et al. 2013). In contrast, 
p220 attraction to UV sites in GO/Gl took place in an 
environment in which EXOl -dependent end resection did 
occur (Giannattasio et al. 2010), possibly explaining the 
aforementioned paradox. 

p220 also directed the RAD51 recombinase to DNA 
damage sites in Gl. This is also an abnormal event, since, 
during Gl, there is no physiological substrate available 
for HRR. Indeed, we found that readily detectable DNA 
strand breakage was a by-product of this p220 RAD5 1 - 
driven event. 

The same cells modestly overexpressed p220 in S/G2. 
In these cells, the amplitude of ambient HRR activity also 
rose to abnormal levels, and p220-driven, RAD51 -depen- 
dent DNA strand breakage was again detected. Thus, 
whenever endogenous p220 was overexpressed, it en- 
gaged in aberrant DDR activity. In this context, it di- 
rected at least one of its known partner proteins, RAD51, 
to colocalize with it, and their coparticipation contrib- 
uted to the development of de novo DNA damage. 

We and other groups have shown previously that yet 
another form of p220 tuning also occurs in S/G2. It is 
executed by the RAP80 complex and is directed at p220 
functionality, per se, and not its expression (Coleman and 
Greenberg 2011; Hu et al. 2011). This process, too, is 
aimed at maintaining a physiological HRR response to 
DSB formation. Interrupting it triggers an outcome sim- 
ilar to that arising after blocking miR-545 function in S/ 
G2; namely, excessive HRR amplitude and de novo DNA 
damage (Hu et al. 2011). 

Thus, either a superabundance of p220 or failure to 
modulate its HRR function led to the same results — an 
excessive amplitude of p220 HRR function and net, new 
DNA damage. Hence, the miR-545 and RAP80 tuning 
systems provide seemingly complementary layers of 
p220 DNA repair function control. 

The evidence for aberrant p220 DNA damage respon- 
siveness after miR-545 blockade was readily apparent. 
Normally, p220 is uninvolved in DSB and photoproduct 
repair in Gl (Pathania et al. 2011). In fact, data presented 
here and elsewhere show that, when expressed at phys- 
iological levels, p220 avoids 53BP1 -containing and UV 
damage sites during Gl (Pathania et al. 2011). However, 
this was not the case when the endogenous p220 level 
became abnormally elevated, as occurred after miR-545 
inhibition or Adeno-BRCAl infection. p220-driven re- 
cruitment of RAD51 to these sites was also readily 
detectable. It was either not detected or only weakly 
apparent in Gl cells that produce physiological quantities 
of BRCAl. Thus, these aberrant damage site protein 
localization phenomena represent qualitatively abnor- 
mal, p220-directed DDRs. 

Cells that were not exposed to mutagen-induced DNA 
damage also responded abnormally to endogenous p220 
overexpression in Gl. The 53BP1 -containing foci to 
which endogenous, overexpressed p220 was attracted 
during Gl in these cells likely contain DSBs that arose 
spontaneously in the former cell cycle (Harrigan et al. 
2011; Lukas et al. 2011). One would have expected that 



any DSB repair during Gl would involve NHEJ, which is 
not a p220-dependent process. 

Thus, the presence during Gl of two HRR-linked pro- 
teins at these sites — one, RAD51, dependent on the 
presence of the other, p220 — again suggests that they 
are engaged in events that are not physiological. Con- 
ceivably, BRCAl and RAD51 participate in illegitimate 
interhomolog or other interchromosomal recombination 
events at some of these 53BP1 -containing structures in 
Gl. These kinds of interchanges are a potential source of 
genomic disorder that, if sufficiently chronic and fre- 
quent, could prove to be carcinogenic. 

The question of whether a breakdown in the miR-545/ 
p220 tuning system is a cancer- promoting event is a valid 
one. This cannot be answered directly at present, given 
the paucity of relevant information. However, it seems 
reasonable to predict that chronic failure of the miR-545/ 
p220 abundance-regulating system could, over time, re- 
sult in chronic DNA damage. If not effectively repaired, 
this source of DNA damage could add to the risk of 
tumorigenesis at least in some cell types. 

Materials and methods 

Cell lines and culture conditions 

T98G, T24, U20S, DR-U20S, and HEK293 cells were grown at 
37°C in Dulbecco's modified Eagle's medium (DMEM) supple- 
mented with 10% fetal bovine serum (FBS) (Gibco) in a 10% 
C02-containing atmosphere. IMECs were obtained from Daniel 
Silver (Dana-Farber Cancer Institute) and maintained in com- 
plete MEGM medium (Lonza). The mAG-hGeminin( 1/110)/ 
pCSII-EF vector, which carries a fusion protein composed of 
the degr on- containing fragment of human Geminin (amino acids 
1-110) attached to the GFP mAGl, was obtained from Atsushi 
Miyawaki (RIKEN) (Sakaue-Sawano et al. 2008). T98G, U20S, 
and IMECs were transduced with this recombinant vector, and, 
48 h later, S/G2/M cells stably expressing the mAG-hGEM 
fusion protein were selected for green fluorescence by two 
subsequent rounds of FACS. These purified populations are 
referred to as T98G-GEM, U20S-GEM, and IMEC-GEM. 

Cell cycle synchronization 

T98G and T98G-GEM cells were synchronized in GO/Gl by 
serum deprivation (Davis et al. 2001). Cells were plated at 1.5 X 
10"^ cells per square centimeter in DMEM supplemented with 
10% FBS (Gibco) and, 12 h later, washed once with PBS and 
incubated for an additional 72 h in DMEM containing 0.1 % FBS. 
Cells were released from the proliferation block by readdition of 
10% FBS -containing DMEM and allowed to progress synchro- 
nously through the cell cycle. 

T24 cells were arrested in GO/Gl by contact inhibition after 
incubation for 72 h at confluency. Upon replating at lower 
density, the cells progressed synchronously through Gl and S/ 
G2. Alternatively, T24 cells were arrested in late Gl by in- 
cubation in 0.5 mM mimosine-containing ( Sigma- Aldrich) me- 
dium for 24 h (Krude 1999). 

miRNA, siRNA reagents, and transfection 

miRNA mimic reagents specific for miR-545 (PM12957) and 
miR-545* (PM12435) and negative controls were obtained 
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from Ambion (Life Technologies). miR-545 antagomir (miR- 
CURY LNA Power Inhibitor, no. 427261) and Negative Con- 
trol B (no. 199021) were obtained from Exiqon. Transfections 
were performed using Lipofectamine RNAiMAX (Life Tech- 
nologies) according to the manufacturer's instructions to 
achieve a final concentration of 100 nM for the mimic reagents 
or 10 nM for the antagomir reagent. Cells were analyzed 48 h 
after transfection. 

The following siRNA reagents were used in this study: 
siBRCAl-1 (CAGCUACCCUUCCAUCAUA), siBRCAl-2 (GAAG 
GAGCUUUCAUCAUUC), siXPA (GCUACUGGCAUGGC 
UUU), siXPC (UGAAAUAUGAGGCCAUCUA), siRPA/O (AA 
CACUCUAUCCUCUUUCAUGUU), siRAPSO (GUAUUGA 
CUCGGAGACAAA), si53BPl (GCCAGGUUCUAGAGGAU 
GA), siRIFl (GCAUUGACUUCUCACCAUA), ON-TARGETplus 
RAD51 siRNA Smart Pool, and Lucif erase GL2 Duplex control 
(all obtained from Dharmacon); and siEXOl-sl7502 (GGCUAG 
GAAUGUGCAGACA) and siEXOl-sl7503 (CUUUUGAACA 
GAUCGAUGA) (obtained from Ambion). All siRNA reagents 
were transfected into cells using Lipofectamine RNAiMAX (Life 
Technologies) in OptiMEM serum-free medium (Life Technolo- 
gies). Cells were analyzed 72 h post-transfection. 

Luciferase assay 

Luciferase assays were performed using the Dual-Luciferase 
Reporter Assay system (Promega). The BRCAl 3' UTR was 
PCR-amplified from genomic DNA and cloned in either the 
sense or antisense orientation into the pGL4 vector (Promega). 
Mutations in predicted miR-545 target sites at positions 1148- 
1154 and 1183-1189 were introduced with a QuickChange 
multisite-directed mutagenesis kit (Agilent Technologies). The 
wild-type or mutant reporters were cotransfetced into HEK293 
cells with either miR-545 mimic, an unrelated miR-22 mimic, or 
a control reagent (all synthesized by Dharmacon) using Lipofect- 
amine 2000 (Life Technologies). After 48 h, cells were processed 
according to the manufacturer's instructions (Promega), and 
luciferase activity was measured using a Veritas Microplate 
Luminometer (Turner Biosystems). 

HR assay 

HRR assay was performed in DR-U20S containing a single, 
stably integrated copy of direct repeat GFP reporter as described 
previously (Xia et al. 2006). Exponentially growing DR-U20S 
cells were transfected with either a miR-545 mimic, a miR-545 
antagomir, or negative controls using RNAiMAX reagent (Life 
Technologies). After 24 h, cells were transfected with the 
pCBASce I-Scel-expressing vector using FuGene 6 reagent 
(Roche), and, 48 h later, GFP fluorescence was analyzed by 
FACS. 

Quantitative RT-PCR (qRT-PCR) and TaqMan assays 

Total RNA was extracted using TRIzol reagent according to the 
manufacturer's instructions (Life Technologies). Reverse tran- 
scription was carried out using Superscript III (Life Technolo- 
gies). Real-time PGR analysis of miRNA abundance was per- 
formed using specific TaqMan miRNA assays (no. 4380918 for 
has-miR-545 and no. 437381 for RNU6B, Applied Biosystems). 
PGR data were normalized to RNU6B expression levels and 
analyzed by the comparative Ct method (Schmittgen et al. 2008). 

BRCAl mRNA expression was analyzed by qRT-PCR and 
normalized to GAPDH expression levels. The primers used were 
HBR16F (5'-GCAATGGAAGAAAGTGTGACG-3'), HBR22R 
(5'-GCCAAGGGTGAATGATGAAAG-3'), GAPDH-F (5'-GTG 



TTCCTACCCCCAATGTG-3'), and GAPDH-R (5'-GTCATTG 
AGCAATGCCAG-3'). 

Western blotting and immunoprecipitation 

Cells were lysed for 30 min on ice in NETN-420 lysis buffer (420 
mM NaCl, 0.5 mM EDTA, 20 mM Tris-Cl at pH 8.0, 0.5% [v/v] 
Nonidet P-40 [NP-40]) supplemented with protease inhibitors 
(Roche). Protein concentration was measured using the Bio-Rad 
Protein Assay (Bio-Rad), and 10 |jLg of whole cell extract per 
sample was electrophoresed in an SDS-polyacrylamide gel. The 
separated proteins were transferred to a nitrocellulose mem- 
brane and blocked overnight at 4°C in blocking solution (5% 
non-fat dry milk [Bio-Rad] in phosphate-buffered saline/0.05% 
Tween 20 [PBS/Tween 20; Sigma-Aldrich]). Membranes were 
incubated with primary antibody in PBST for at least 1 h at room 
temperature, washed three time for 5 min each in PBS/Tween 20, 
incubated with HRP-conjugated secondary antibody in PBS/Tween 
20 for 1 h at room temperature, and visualized using Western 
Lightning ECL reagent (PerkinElmer). 

Immunoprecipitation was performed by incubation of the 
whole-cell lysates with rabbit polyclonal anti-BRCAl antibody 
(Upstate-Millipore) or preimmune rabbit serum in nondenatur- 
ing NETN-150 buffer supplemented with protease inhibitors 
(Roche) for at least 1 h at 4°C and additional incubation for 3 h at 
4°C following addition of protein A-coupled Sepharose beads. 
Then, Sepharose beads were extensively washed in NETN-150 
buffer, boiled for 5 min at 95 °C in Laemmli buffer (Bio-Rad), and 
centifugated, and the supernatants were subjected to SDS-PAGE. 

The antibodies used for Western blotting include mouse 
monoclonal anti-BRCAl (SD118, Millipore), mouse monoclonal 
anti-XPA (Clone 12F5, Thermo Scientific), rabbit polyclonal 
anti-XPC (H-300, Santa Cruz Biotechnology), rabbit polyclonal 
anti-EXOl (Novus Biologicals), rabbit polyclonal anti-RAP80 
(Bethyl Laboratories), and rabbit polyclonal anti-Actin (Sigma- 
Aldrich). 

Indirect immunofluorescence and antibodies 

Cells grown on glass coverslips were washed three times with 
PBS, fixed with 4% paraformaldehyde/PBS solution for 15 min at 
room temperature, washed twice with PBS, and permeabilized 
with PBS/0.05% Triton X-100/1% BSA (PBST-BSA) solution for 
20 min at room temperature. Cells were then incubated with 
a primary antibody in PBST/BSA for 1 h at 37°C, washed twice 
with for 5 min in PBST, and incubated with rhodamine- 
conjugated goat anti-rabbit secondary antibody (Jackson 
ImmunoResearch) for 1 h at 37°C. Subsequent staining of UV- 
generated CPD lesions was performed as described previously 
(Pathania et al. 2011). Cells aheady stained for the primary 
protein of interest were fixed again as above for 15 min at 
room temperature, washed twice in PBST, exposed to 5 U of 
recombinant RNase-free DNase I for 25 min at 37°C, washed 
twice in PBST, incubated with anti-CPD antibody for 45 min 
at 37°C, washed again twice in PBST, and incubated with 
FITC-conjugated goat anti-mouse secondary antibody (Jackson 
ImmunoResearch) for 1 h at 37°C. After the final wash in PBST, 
coverslips were mounted on slides with D API- containing mount- 
ing medium (Vectashield Laboratories) and kept at 4°C until 
analysis. 

The following antibodies were used for indirect immunoflu- 
orescence: rabbit polyclonal anti-BRCAl (Upstate Biotechnol- 
ogies), mouse monoclonal anti-BRCAl (D-9, Santa Cruz Bio- 
technology), mouse monoclonal anti-XPA (clone 12F5, Thermo 
Scientific), rabbit polyclonal anti-XPC (H-300, Santa Cruz Bio- 
technology), mouse monoclonal anti-RPA (Calbiochem), rabbit 
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polyclonal anti-RAP80 (Bethyl Laboratories), rabbit polyclonal 
anti-RAD51 (Santa Cruz Biotechnology), mouse monoclonal 
anti-phospho-H2AX (Upstate-Millipore), rabbit polyclonal anti- 
53BP1 (Bethyl Laboratories), rabbit polyclonal anti-RIFl (Bethyl 
Laboratories), and mouse monoclonal anti-CPD (Cosmo Bio). 

UV and 7 irradiation were performed as described previously 
(Pathania et al 2011). 

Comet assay 

Alkaline and neutral comet assays were performed on isolated 
Gl and S/G2 populations of T98G-GEM cells using the Single- 
Cell Gel Electrophoresis Assay kit (Trevigen) according to the 
manufacturer's instructions. CellProfiler software (Carpenter 
et al. 2006) was used for analysis and quantitation of the results. 

Adeno-BRCAl vector 

Ectopic expression of wild- type BRCAl protein was performed 
by infecting cells with recombinant Adeno-BRCAl or control 
adenoviral vector (Vector Biolabs) at a high multiplicity of 
infection (MOI = 200). Forty-eight hours later, cells were sub- 
jected to further analysis. 

FACS was performed as described earlier (Pathania et al. 2011). 

Laser-induced DNA stripes 

Laser-generated DNA DSBs were generated using a P.A.L.M. 
MicroBeam laser microdissection system (Carl Zeiss Micro- 
Imaging, Inc.) as described previously (Sobhian et al. 2007; Hu 
et al. 201 1). Cells grown on coverslips were incubated for 24 h 
in medium containing 10 |jlM BrdU (Sigma-Aldrich). Laser 
stripes were generated in —100 cells per coverslip with the 
above-noted laser (X = 337 nm) using the 40 X objective at 70% 
power. Cells were returned to a cell culture incubator at 37°C 
and fixed 90 min later following the indirect immunofluores- 
cence protocol. 

Statistical analysis 

An unpaired, two-tailed Student's t-test was used to calculate the 
P- value of the data set comparisons throughout this study. 
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